Abstract. Consensus practices and regulatory guidance for liquid chromatography-mass spectrometry/ mass spectrometry (LC-MS/MS) assays of small molecules are more aligned globally than for any of the other bioanalytical techniques addressed by the Global Bioanalysis Consortium. The three Global Bioanalysis Consortium Harmonization Teams provide recommendations and best practices for areas not yet addressed fully by guidances and consensus for small molecule bioanalysis. Recommendations from all three teams are combined in this report for chromatographic run quality, validation, and sample analysis run acceptance.
INTRODUCTION
This summary is based on the discussion among scientific representatives from Mexico, Brazil, Argentina, Japan, India, the UK, Germany, Switzerland, and the USA serving on the Global Bioanalytical Consortium S1, S2, and S3 harmonization teams (HT). These are recommended best practices for specific laboratory operations associated with run acceptance, assay operation, and chromatographic run quality assessment not addressed clearly or not addressed at all in current regulatory guidances or guidelines. In some cases, the team assessing an activity intentionally chose to recommend practices based on good scientific principles that are different from what current regulatory guidances may include. For the large majority of practices that have been discussed and reviewed and for which consensus has been reached over the interval since the first Workshop on Analytical Methods Validation: Bioavailability, Bioequivalence, and Pharmacokinetic Studies in December, 1990 (Crystal City-I), the teams agreed that international harmonization and consistent practices dictate that no changes should be recommended.
The recommendations are applicable to a wide variety of molecules, including but not limited to, pharmaceuticals, peptides, proteins, and biomarkers that elicit a quantitative chromatographic instrument response. The discussion focused predominately on high-performance liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) techniques, but the general principles should be translatable to other forms of chromatography and detection.
Our recommendations are divided into three sections, chromatographic run quality, validation, and sample analysis run acceptance, and we will address topics in that sequence.
CHROMATOGRAPHIC QUALITY
The basis of any robust and reliable bioanalytical assay is to ensure selectivity during extraction, chromatographic separation, and detection.
Chromatographic Selectivity
Although there have been significant advances in chromatography over the past decade, the basic principles for a good chromatographic separation are still valid. As such, it is recommended that the following should be considered during method establishment based on good scientific practice:
& Ensure adequate chromatographic retention, such that a capacity factor (k' for isocratic elution or k* for gradient elution) of at least 2 is obtained (isocratic: 2<k'<10, gradient: 2<k*<10). Maintaining a high-capacity factor ensures that the analyte of interest is adequately separated from interferences both seen and unseen and reduces the potential impact of ion suppression/enhancement, especially in incurred samples.
& Ensure adequate chromatographic separation such that the resolution (Rs) of two quantifiable peaks is at least 2.0 for a robust assay. Maintaining baseline resolution overcomes the potential for peak area integration errors while allowing for some deterioration in chromatographic performance throughout a run. Alternatively, quantitation using peak height may be considered and may be more effective with forms of protein LC-MS/MS analysis using target peptides and enzymatic digestion due to complicated baseline interferences.
& Maintaining adequate chromatographic efficiency (N)
such that the theoretical plate number should be over 2,000 where applicable.
& Ideally, chromatographic peaks should be symmetrical, but asymmetry of an analyte peak is acceptable provided that the degree of asymmetry observed in the incurred samples is reflected in the calibration and quality control (QC) samples.
Once an assay is developed and validated, it is essential that the chromatographic selectivity is monitored, especially in study samples, to assess impact from metabolites, exogenous xenobiotics, or potential interferences from dose formulation.
Chromatographic Sensitivity
The sensitivity of any bioanalytical assay is critical to its quantitative performance but for chromatographic assays, this is related directly to the signal (generated from analyte) versus the noise (generated from matrix or instrument). Both the FDA and EMA bioanalytical guidances (1, 2) indicate that the chromatographic response at the lower limit of quantitation (LLOQ) should be at least five times the response compared to the blank response which is often (incorrectly) interpreted to be a measure of the assay signal to noise (S/N). However, in certain circumstances, this gives rise to some ambiguity, since S/N is related to both electronic noise (instrument) and chemical noise (matrix) and is often calculated from data acquired in a single chromatographic run. This is subtly different from a discrete peak in blank samples that exhibits the same retention time of the analyte (interference).
When assays are developed, it is often difficult to accurately and reliably assess the S/N and it is recommended that S/N is used as a tool for bioanalytical method development but that reaching S/N of over five is not what the EMA and FDA Guidances recommend (1, 2) . Rather, they expect a comparison of separate injections of blanks and LLOQ calibration standards as one of the assessments of the response at the LLOQ. Ultimately, the definitive evidence that the required assay performance has been achieved is the precision and accuracy calculated at the LLOQ during validation.
Chromatographic Data Acquisition
There are many parameters that affect chromatographic performance but often little is understood with regard to the acquisition of the chromatographic signal itself. Data sampling frequency can have a significant effect on the accuracy and precision of the assay (3) (4) (5) (6) . If the sampling frequency is too low, peak detail will be lost and measurement accuracy reduced. If the sampling frequency is too high, unwanted baseline noise peaks will be detected and measured. It is therefore recommended that a peak is defined by at least 10 points, optimally 15 to 20 (5) . However, the data-sampling frequency defined in validation must be applied to production (incurred study samples) and any changes in the data sampling frequency would constitute a change to the validated method and would require a documented assessment on assay performance.
Instrumental measurement, as used in chromatographic analysis, consists of two components: the signal that contains information about the analyte (signal) and the background (noise) signal. Noise can be further divided into long-term noise derived from external source variables (temperature, humidity, stationary phase bleed, baseline drift, etc.) and short-term high-frequency noise derived from each component of the analytical instrument (detector noise, power source, pressure pulsations, etc.). In LC-MS/MS analysis, vendor-specific hardware (filtering) and software (smoothing) methods are commonly employed to reduce noise and improve the S/N in instrumental analysis. When filtering and/or smoothing (such as Savitzky-Golay, moving average, etc.) are used, it is recommended that what was defined and used in validation must be applied to the measurement of study samples. Consequently, any changes in filtering or smoothing methods occurring after an assay has been validated should be assessed with respect to assay performance before use.
Chromatographic Integration and Reintegration
The chromatographic performance of a bioanalytical assay, in terms of its sensitivity and selectivity, is critical in reaching the required accuracy, precision, and robustness for long-term use. However, it is also very important to note that good peak integration is also a result of good chromatography. Integration is of use in controlled circumstances when chromatography is good but it cannot improve bad chromatography; only the analyst can do that (1) .
Peak integration is one area of chromatographic analysis that has been subject to the most regulatory scrutiny as it has a potential for misuse and fraud (7). To fully understand peak integration, it is important to understand that this is only one facet of the chromatographic process. Much has been discussed with regard to having stricter control and potentially "locking" the chromatographic integration parameters at assay validation under the misconception that this will somehow improve quality. However, it must be accepted that chromatographic analysis is a dynamic process and that changes in peak integration during the lifetime of an assay will be required. LC-MS/MS (and hence peak integration) can be affected by changes in both instrument response (manufacturing differences, ageing, sensitivity, etc.) and chromatographic performance (changes in peak shape, noise, etc.) and as such, it is scientifically invalid to assume that the chromatographic integration parameters must also be fixed. It is therefore recommended that the integration parameters used in assay validation be considered as an initial guide for any subsequent run integration, but ultimately that the integration used adequately characterizes the peak of interest and is consistently applied to calibration, QC, and incurred samples within a run.
The process of chromatographic integration can be further subdivided into the "initial integration" and "reintegration," which are quite distinct processes and need clear definition and control. It is our recommendation that initial integration is defined as the process by which the area (or height) of a chromatographic peak is adequately defined by trained personnel using the most appropriate parameters prior to regression. This definition includes the following: In practice, there is little real distinction between "modified automated integration" and "manual integration" as both require human involvement and adjustment on a "chromatogram-by-chromatogram" basis. The emphasis for this process is on "trained personnel" and "prior to regression" such that the analyst can adequately integrate the chromatographic peak yet is essentially blind to the final regressed concentration. It is recommended that "automated," "modified automated," and "manually" integrated chromatograms be retained for inspection, that the method and reason for adjusting the integration parameters be clearly documented, and that the whole process be defined under a standard operating procedure (SOP). The user should not rely solely on the audit trail to capture this information unless it can be proven that the audit trail contains all changes necessary for reconstruction.
With regard to "reintegration," it is proposed that this is defined as the process that occurs post regression, i.e., after the back-calculated concentration, acceptance of calibration and QC samples, and acceptance or rejection of the whole run has been made. Reintegration should only occur after rejection of the initial integration following documented peer review by trained personnel. Reintegrated data as well as the initial integrated data should be retained and the process defined by SOP. Where appropriate and practical, it is recommended that process control, such as system access rights and audit trails, be implemented to ensure transparency and validity. While we recognize the potential for misconduct (peak skimming or peak enhancing), a clear definition, clarity of process and separation of integration from regression will improve confidence in the overall data quality.
Provided that chromatographic peaks are adequately and consistently integrated, the ultimate control on a run-by-run basis is made by the calibration, QC, and internal standard acceptance criteria.
Chromatographic Data Review and Retention
To ensure enduring quality and confidence of bioanalytical data, it is recommended that post regression review of every run should be performed by an individual separate from the analyst that performed the integration and regression. The review should include an audit of all chromatograms for consistency of both chromatography and integration. The analyst performing integration must have documented evidence in both the general principles of chromatographic integration and the specifics of the software system used, whereas the reviewer must have documented evidence and experience of chromatographic data audit. Both the initial and reintegrated chromatograms (as defined earlier), together with associated integration parameters, should be retained and be available for regulatory review if requested. Only the final and valid integrated chromatogram is used to generate an analyte concentration. Generating and reporting the analyte concentration data from earlier preliminary chromatograms is not scientifically valid and may not be practical or possible in many cases.
VALIDATION Calibration Curves/Calibration Standards
Most criteria for calibration curves are already well accepted and consensus in both practice and guidance has been achieved. The LLOQ of an assay is defined as the lowest concentration of analyte in a sample which can be quantitated reliability (e.g., with acceptable accuracy and precision). Acceptable accuracy and precision at the LLOQ is 20%.
The HT recommends that the LLOQ of an assay should be set equal to or less than 5% of the anticipated pharmacokinetic profile maximum concentration where feasible. The LLOQ should enable adequate characterization of the pharmacokinetics of the analyte.
The LLOQ is generally considered to be equal to the lowest calibration standard. There is no need to specify a limit of detection (LOD) in addition to the LLOQ as concentration data below the LLOQ are not reportable in analyzed incurred samples.
Each run (validation or sample analysis) from which quantitative results are to be obtained should include at least a single set of calibration standards. Depending on the assay, duplicate calibration standards placed at the beginning and end of each run may be preferred. Generally, at least six calibration levels (including LLOQ and upper limit of quantitation (ULOQ)) are required.
When calibration standards are run in duplicate, both results for a calibration standard at a specific concentration may be omitted from the regression except for those placed at the LLOQ or the ULOQ in the core accuracy and precision runs. Truncation of the calibration range is not permitted in core accuracy and precision runs but truncation is permitted in subsequent validation or sample analysis runs provided the low, middle, and high QCs are still within the calibration range.
Calibration standards should ideally be prepared in the same matrix as that of the intended study samples; the use of surrogate matrices for calibration standards should be scientifically justified. The standards are prepared by spiking the blank matrix with known concentrations of the analyte. The standards are generally spiked freshly when an assay is first initiated. Once long-term stability data on the analyte in matrix are generated, one can consider preparing standards in bulk, aliquoting them in daily use portions and then freezing the aliquots. The use of frozen calibration standards may minimize inter-run variation. The solvent content of standards is not critical as long as the quality control samples accurately back calculate, but practical considerations of protein-solvent interactions may limit the amount of solvent present.
Regression Models
The recommendation of the HT was largely in accordance with the EMA, FDA, and ANVISA guidance documents (1, 2, 8) . The specific procedure used to determine a regression model should be described in a SOP (preferably) or similar controlling document. This document should describe what regression models are permitted, what regression model is used by default, and the procedure and criteria for evaluation and selection of an alternate regression model where appropriate for a given application.
With respect to the assignment of a default regression model, discussion of determining the "simplest model" was limited to linear vs. nonlinear regression models. Linear is considered the simplest and as such may be the default regression model (does not require justification). Weighting was considered within the scope of linear regression and was not considered a separate issue. Therefore, it was considered acceptable that a default regression model that is 1/x-or 1/x 2 -weighted linear regression may be designated in the SOP or other controlling document. When a regression model is determined in validation, it should not be altered in subsequent sample analysis.
QC Placement and Preparation
Criteria for placement and use of QC samples (in validation) are already well accepted, and consensus in both practice and guidance has been achieved in most details. The HT does recommend that the middle QC concentration should be set according to a SOP. Options for placement include near 50% of the high QC or at or near the geometric mean of the low-and high-QC samples. Placing the middle QC at or near the geometric mean may give better positioning in log concentration space. When no a priori range expectation exists for sample analysis, it may be prudent (but is not required) to place two QC concentrations between the low-and high-QC levels to increase the possibility that the sample analysis range will be represented by QC concentrations with few additional assessments. This option should be defined by SOP if it is used.
Quality control samples prepared at the LLOQ are used during validation to assess accuracy and precision at the LLOQ. These samples may be freshly prepared on the day of analysis or stored frozen provided that supporting stability data is available. QCs at the LLOQ are not run during sample analysis.
It is a best practice with respect to increasing assay confidence prior to use to determine during validation intraand inter-day precision at the LLOQ using the LLOQ QCs. A ULOQ QC is not recommended for inclusion in the validation.
QC samples should be prepared to mimic the study samples as closely as possible. In this regard, the organic solvent content of QCs should be minimized; these samples should contain no more than 5% solvent. QC samples should mimic any additives (anticoagulant, stabilizer and/or modifier) that study samples may contain. They should be stored under the same conditions as study samples.
Internal Standards
Internal standards are generally incorporated into assays to compensate for sources of systemic variation (recovery variation, ionization effects, etc.). Suitability of a particular internal standard must be demonstrated as part of the method validation process. Stable isotope-labeled internal standards are generally preferred for mass spectrometry-based assays. For such internal standards, suitability is demonstrated by proving a lack of isotope exchange. In addition, the standard zero, containing internal standard only, should show a lack of significant response (less than 20% of that of the LLOQ) in the analyte channel. As long as such suitability is demonstrated, there are no purity criteria for internal standards and certificates of analysis are not required for them.
The concentration of internal standard employed in an assay should be determined during assay development. Generally, it is recommended to use a concentration that results in a response equivalent to 30-50% of that of the ULOQ; however, the concentration may be adjusted lower to eliminate detection of interfering impurities or raised to eliminate adsorption issues.
From a best practice standpoint, it is recommend to add the internal standard separately to samples and allow equilibration, but it is recognized that if the internal standard is added along with precipitation solvent and validation criteria are met, there is no issue.
Generation of stability data for internal standard solutions is considered to be a best practice but is not an absolute requirement for assay validation.
In agreement with the EMA guidance (1), it is recommended that a SOP describing internal standard response be in place prior to both validation and study sample analysis, but this does not need to have restrictive mathematical criteria (e.g., mean ±50% or similar). Scientific judgment should take precedence and should be able to discriminate between missing internal standard and double spikes as common events. The impact of internal standard drift within a run, internal standard changes in specific subjects, or other internal standard response events cannot be mandated by a simple mathematical rule.
Dilution Integrity
Dilution integrity refers to the ability to dilute with control matrix prior to the analysis of a sample containing the target analyte at a concentration higher than that of the ULOQ into the concentration range of the assay and obtain an accurate estimate of the concentration prior to dilution.
Dilution integrity should be assessed during assay validation by preparing and analyzing replicate samples prepared at a concentration equal to or greater than the highest concentration expected in study samples. These samples are then frozen, thawed, diluted into the range of the standard curve with control matrix, and analyzed. The mean analyzed value should be within 15% of nominal, and precision of the replicates should be equal to or better than 15% coefficient of variation (CV). Validation of a single dilution concentration at a single dilution factor (e.g., ×10) at or above the highest concentration expected in study samples is sufficient.
The concentration at which dilution integrity is assessed represents the highest reportable concentration of the assay. If samples are found with concentrations that exceed the dilution integrity limit, dilution integrity should be reassessed using more concentrated fortified samples. Solubility as well as stability issues should be considered in all dilution integrity assessments.
Multiple Analyte Analysis Considerations
For initial validation of an assay with multiple analytes, it is recommended that at least one of the three accuracy and precision runs be acceptable for all analytes in the same run; however, exceptions to this recommendation may be allowed based on the number of analytes in the method and/or the degree of complexity required to analyze all analytes (e.g., separate elution steps, separate LC-MS injection parameters, etc.) from a single-sample aliquot.
Acceptance criteria should be ±15% (±20% at the LLOQ) for the analyte (s) of interest intended for "regulated" bioanalysis; however, acceptance criteria for some analytes may be expanded depending on the nature of the analysis (i.e., fit for purpose) and should be based upon the performance of the analytes during validation.
Selectivity
Selectivity, that is, the ability of the analytical method to be able to differentiate the analyte (s) of interest as well as internal standard from endogenous components should be proved using at least six individual sources of the appropriate blank matrix. The lots of matrix should be individually analyzed and evaluated for interference. If one of the lots fails, the number of lots should be increased to 10, and at least 90% of the lots need to meet acceptance criteria. Lack of interference is demonstrated by the blank lot generating a response of less than 20% of that of the LLOQ standard and less than 5% of that of the internal standard response.
One lot of hemolyzed matrix should be included in the six lots assessed for selectivity. This is a requirement for all species. Hemolyzed matrix may be prepared by adding 2% lysed whole blood to plasma. Multiple degrees of hemolysis generally do not need to be assessed; the 2% whole blood in plasma is felt to represent a worst case scenario.
For assays intended to support clinical studies, one of the lots should be representative of a hyperlipidemic sample. Assessment of the impact of hyperlipidemic plasma on assays intended to support preclinical studies is not required unless samples from special populations of animals, known to be hyperlipidemic, are intended to be analyzed.
Generally, stripped matrices are to be avoided for bioanalytical work. These may be an appropriate surrogate matrix for calibration curves, but QC samples should be prepared in nonstripped matrix.
Matrix blanks should be included in production analyses and will be used to fortify calibration standards and quality controls as well as act as blank/zero samples. If needed, pooled predose samples may be used as matrix blank samples if special circumstances require this approach (e.g., endogenous analytes, rare or limited matrices). During validation analyses, matrix blanks will be used to assess carryover, recovery, and matrix effects/factor.
Salt/Counter Ion Changes of the Analyte and Anticoagulant
When changing the anticoagulant (e.g., EDTA to Heparin, EDTA to Fluoride/Oxalate), these matrices should be regarded as different matrices and a full revalidation of the method is required including all matrix stability assessments but there is no need to reestablish stability for unchanged stock solutions.
When changing only the salt or counter ion in matrices with the same validated anticoagulant (e.g., NaHeparin to LiHeparin, K 3 EDTA to K 2 EDTA or Na 2 EDTA), these matrices should be regarded as equal matrices and no additional validation of the method is required.
This recommendation is based upon published research which indicates that a change in anticoagulant has no impact on bioanalytical LC-MS/MS assays (9, 10). In addition, the European Bioanalysis Forum (EBF) has also recommended that "blood related matrices containing the same anticoagulants, but different counter ions, should still be regarded as equal matrices, and that no partial validation needs to be performed when changing counter ion only." (10, 11) .
Increasing anticoagulant concentrations beyond that validated also does not require additional work. Decreasing anticoagulant concentration may require some stability assessments, especially if the anticoagulant serves to stabilize the analyte.
Generally, no additional experiments are required if the salt form/counter ion of the analyte changes in the course of a development program. This recommendation assumes that the solubility of the new form is equal to or greater than that of the original; compound characterization data should be leveraged to evaluate solubility differences.
Furthermore, it is recognized that the salt/counter ion of reference standards do not need to match those of administered analyte; analyte concentrations should be reported as free acid/base.
Sample and Run Reinjection
When a batch is interrupted due to any identifiable or unknown reasons, the decision whether to reinject a partial or full batch must be made. To make that decision, results of reinjection reproducibility/autosampler stability evaluations conducted during the validation are used. Reinjection of a full analytical run or of individual calibration standards or QC samples simply because the calibrators or QCs failed without an identifiable analytical cause is not acceptable.
During the reinjection reproducibility experiment, freshly prepared calibrators should not be added for the second injection of a whole batch; originally injected calibrators should be used. The reinjected QC samples are compared separately to both the original calibration curve and to the reinjected calibration curve.
Matrix Effects
The assessment of matrix effects is required for all MSbased assays regardless of whether or not a stable labeled internal standard is utilized. Causes and reduction of matrix effects should be studied during method development and processes to reduce/minimize impact should be developed.
Assessment of matrix effects is performed by determining the variability of the analyte/internal standard ratio across multiple lots of matrix at fixed concentrations and is defined in the EMA Guideline (1) as the "matrix factor." This experiment can be performed using either QCs or calibrators. In order to be considered acceptable, the variability should be less than or equal to 15% CV. The assessment should be performed at a minimum of two concentrations, one near the low end of the standard curve range and the other near the high end.
For assays intended to support human clinical studies, the assessment should be performed using six lots of matrix, including two from male donors, two from female donors, one lipemic lot, and one hemolyzed lot. If an assay is to support clinical studies in only one gender of subjects, then the six lots of matrix should include lots from the selected gender.
The need to include lots from male and female animals in the assessment of assays intended to support preclinical work should be dependent on the gender of the animals that are to be utilized in the studies. The impact of hemolysis on preclinical assays should also be assessed.
Matrix effects due to dosing vehicles, metabolites, and co-medications may manifest themselves through changes in internal standard responses during sample analysis. Such changes should be monitored and addressed on the basis of scientific judgment.
Recovery
Recovery of the extraction process associated with an assay is viewed, from a scientific point, as important to assess during assay development. In this regard, relative recovery is defined as the comparison of analyte responses from extracted samples with those of matrix blanks spiked post extraction. Absolute recovery is defined as a comparison of extracts to neat samples. Absolute recovery is impacted by ionization and/or matrix effects as well as by the extractability of the analyte from matrix. While a formal criterion with respect to minimal acceptable relative recovery was not felt to be necessary, it was agreed that relative recovery should be consistent over the dynamic range of the assay and in multiple lots of matrix. Inconsistent absolute recovery over the assay range should be investigated; inconsistent recovery may be acceptable if it can be adequately modeled through the choice of the regression model. Precision of relative recovery rather than absolute recovery is put forth as the appropriate acceptance criterion to be assessed during assay validation; a precision less than or equal to 15% CV at each assessed concentration should be obtained.
Acceptable assay precision and accuracy in multiple lots of matrix over the dynamic range eliminate the need for a separate recovery assessment if online sample preparation is employed.
Co-medication and Metabolite Interference Assessment
The impact of known or anticipated co-medications and metabolites on assay selectivity should ideally be assessed before the analysis of samples containing the comedications. In a patient population, it is generally difficult to perform an a priori assessment of co-medications as these may vary greatly across subjects. In this case, predose samples (which are samples containing the co-medications obtained prior to the administration of study medication) should be assessed to ensure lack of interference if appropriate samples are available. Additionally, internal standard responses in post dose samples should be compared to those of standards in order to demonstrate that the co-medications do not affect the internal standard. There are a variety of other techniques that may be employed to attempt to mimic incurred samples containing co-medications and to assess assay performance in the presence of other administered drugs.
Failed Run Reporting-Validation
A table of all analytical runs together with analysis dates and status (passed or failed) should be included in the validation report; the reason for failure should be included for failed runs.
Multiple consecutive failed runs should have assignable analytical cause to continue validation. Assignable cause related to methodology triggers returning to method development. Consecutive failed runs during validation may also indicate the need to return to method development.
If multiple assessments are conducted in a validation run, not all need to be acceptable for the run to be accepted. For example, the failure of dilution QC assessment samples in a run would not invalidate any other assessments which did meet criteria in that run.
SAMPLE ANALYSIS System Equilibration
The topic of system equilibration has, in recent years, generated much discussion within the bioanalytical community. This discussion was primarily a result of inspectional observations. As a result of these inspections, it has become evident that regulatory agencies have clear expectations with respect to system equilibration activities.
System equilibration should never be conducted using unanalyzed study samples or a sample (LLOQ standard, low QC, etc.) that could possibly be substituted in an official run. Rather, pooled samples, generally from previous runs, or purpose-generated samples should be used; if purpose-generated samples are employed, they should be clearly identified and separated from any study samples, calibrators, or QC samples used in the official run.
Furthermore, it is recommended that objective criteria be used to assess whether or not a system has been adequately equilibrated. An example of a suitable criterion is an assessment of the precision of analyte and internal standard responses of sequential injections of an equilibration sample. Target precision should be specified in the assay protocol.
System equilibration is not viewed as an absolute requirement for an assay. However, if equilibration injections are employed, they must be documented in the study file.
System Suitability
System suitability testing should be designed to assess key performance aspects of the assay (sensitivity, resolution, etc.). The testing is generally conducted prior to a series of analytical runs of the same method. Testing methodology is assay dependent and should be defined during assay development. Purpose-generated samples independent from unknown study samples should be used for the testing. These samples are also independent from system equilibration samples. The test should be defined in the assay protocol along with acceptance criteria. System suitability is not generally a run acceptance criterion; however, appropriate documentation should be maintained if a run is initiated following a failed system suitability test. Finally, it is recommended that system suitability testing occur before resuming injections after an analytical interruption of a run or a batch reinjection following an instrument failure.
Individual Run Acceptance
For difficult assays or new technologies, wider acceptance criteria may be set with advanced planning, provided that an a priori statement of the revised criteria is appropriately documented. It is recommended that the acceptance limits be established taking into account data accumulated during validation activities. If all replicates of the LLOQ, ULOQ, or both calibrators at any other concentration fail to meet acceptance criteria and are excluded from the run regression, the criteria requiring at least 75% passing calibrators with a minimum of six concentrations must be observed. In this case, low-QC and high-QC sample concentrations must be between the revised LLOQ and/or ULOQ concentrations.
The LLOQ and ULOQ of an assay should be based on the nominal concentrations of the lowest and highest standards. These limits are not dependent upon the back calculated concentrations for the standards in sample analysis runs.
Internal Standard Assessment During Sample Analysis
Assessing internal standard response during sample analysis may point to issues with a given sample or run. Assessment should be conducted in accordance with predefined criteria as discussed earlier and must be conducted in a consistent manner for all runs of study samples analyzed by the same analytical method.
Dilution Verification Samples
Dilution QC samples should be included in sample analysis runs only if diluted study samples are also included in the run. Dilution QC samples are used only to evaluate the acceptability of samples diluted into the calibration range and are not used to accept or reject undiluted calibration standards, QCs, or undiluted sample results.
If more than one dilution factor is used for sample analysis in a single sample analysis run, dilution verification at the maximum dilution factor used within the run is minimally sufficient to assess the acceptance of all dilution factors within the run.
These dilution QC samples should back calculate with a concentration within 15% of nominal. If the dilution QC samples fail, only results from diluted samples in the run need be rejected assuming that the undiluted QCs meet acceptance criteria.
Lowering the sample volume is not an acceptable substitute for dilutions; the volume of matrix processed for samples, QCs, and calibration standards should be identical to the volume used during the assay validation.
Carryover
Carryover refers to an instrumental response in excess of that directly associated with the analyte content of the injected sample caused by residual analyte in the injection path. Carryover is generally variable during a run in that it is dependent upon previous samples. Carryover is distinct from contamination. Contamination is an excess instrumental response caused by other factors such as sample collection and processing. Contamination may be in the sample when it is received at the bioanalytical laboratory.
It is required that sources of carryover be understood and carryover be minimized during assay development. Minimization of carryover may require an adjustment of assay range; that is, the ULOQ of the assay may need to be lowered or the LLOQ raised.
Traditionally, carryover is assessed by injecting a doubleblank sample after a high standard. Carryover is considered acceptable if the analyte response in the blank is less than 20% of that of the lower limit of quantitation standard. This assessment approach may be problematic if the S/N of the LLOQ is at or below 5. In such a case, a carryover response of 20% of the LLOQ would be nondetectable as it could not be distinguished from background. For cases of low S/N, an alternative approach to carryover assessment should be employed. One alternative approach involves injecting a LLOQ standard followed by a high standard, followed by a second LLOQ standard. Carryover is considered acceptable if the responses of the two LLOQ standards differ by less than 20%.
Carryover should be assessed during each run. It is recommended that the assessment should minimally be performed twice, once at the beginning and once at the end of the run. The double assessment is recommended to detect carryover that may develop during the course of a run, for example, due to the depletion of needle wash solvent during the run. Failure of the carryover assessment does not lead to an automatic rejection of the run but rather an impact assessment should be performed. As long as samples containing high-analyte concentrations were not injected immediately before those containing low-analyte concentrations, the impact of carryover on analyte quantitation may be minimal. The impact of carryover may be minimized by injecting standards in order from low to high followed by samples in sequence of anticipated increasing concentration. Randomizing the sequence of samples in a run is not recommended as carryover impact may be significant if a highly concentrated sample is injected immediately preceding a lowconcentration sample.
Implications of Contamination
A blank sample and a blank sample with internal standard (IS) are run in each batch of samples during method validation as well as in sample analysis. If the response at the retention time of analyte is more than 20% of the LLOQ response and the response at the retention time of the internal standard is more than 5% of IS response in the blank sample with IS, then the batch should be investigated (except when endogenous analytes are measured). Investigation procedures should be predefined in a SOP. Special bioanalytical procedures may be required if the investigation determines a laboratory contribution to blank contamination.
Implications of Anomalous Sample Results
When an anomalous assay result is observed, an investigation should be conducted. This investigation is required only for study sample analysis runs where the entire run is considered analytically valid and only the concentration value of a single (or a few) sample(s) is/are in question. Possible examples of anomalous results may include but are not limited to a single incurred sample reproducibility failure as predefined by SOP, positive predose or control concentrations, differences in IS response, chromatographic anomalies, or other major systemic problems. An investigation and remediation system may be a useful tool in managing investigations but is not required. A SOP should describe evaluation, investigation, and documentation of any anomalous results for bioanalytical studies.
Sample and Run Reinjection
If a batch halts during sample analysis, three possible actions can then be taken when analyzing unknown samples:
1. If in validation the complete batch reinjection meets acceptance criteria using the reinjected calibration curve, an entire batch may be reinjected during sample analysis after batch interruption. There is no need to reextract the samples. 2. If in validation the reinjected QCs meet acceptance criteria against the original calibration curve, a partial batch of incurred samples and QCs may be reinjected during sample analysis and quantitated against the originally injected calibration curve in that batch. There is no need to reinject the calibration standards. 3. If in validation the reinjected QCs and/or reinjected standards fail to meet acceptance criteria, no reinjections may be performed and complete reextraction and reanalysis is required during sample analysis.
Isolated samples should not be reinjected alone. Rather, they should be reinjected with standards and QCs as a new run.
In the event of instrument failure, the resulting repairs should be documented along with the steps taken to verify that the system was functional. QC samples injected with the reinjected samples are used to support the validity of data.
Failed Run Reporting-Sample Analysis
Sequential failed runs during sample analysis should be a trigger for an investigation during the analysis. A high (>33%) percentage of failed runs overall in a study should trigger investigation and acceptance of study data should depend upon the result of the investigation.
The study report should contain a listing of failed analytical runs by date. A reason for run failure should be included in the table.
Runs may be accepted if LLOQ or ULOQ standards fail as long as the QCs pass and are bracketed by standards. If the assay range is truncated by the removal of LLOQ and/or ULOQ standards, samples with reported concentrations below the lowest or above the highest acceptable standard should be flagged for repeat analysis. Extrapolation below the lowest or highest standards is not permitted.
Chromatographic failure of individual samples can be considered outliers and be flagged for repeat analysis. Chromatographic failure of QCs or standards is not an acceptable reason for excluding these samples from the calculation of general run acceptance criteria.
Audit Trail
The regulations regarding audit trailed activities as they relate to the predicate rules applicable to chromatographic run quality have been clearly defined by the World Health Organization (WHO). As per the WHO, an audit trail is a "Paper or electronic trail that gives a step by step documented history of a transaction. It enables an examiner to trace the data source document. The presence of a reliable and easy to follow audit trail in an indicator of good internal controls instituted by a firm, and forms the basis of objectivity." (12) . Audit trails are not routinely examined; they are generally only reviewed during an investigation or inspection. This review may also be considered as part of an automated quality process. Regardless of their review frequency, it is recommended that audit trail clarity is improved by using predefined responses either as defined in SOP or via specific training.
